Introduction {#sec1-1}
============

Alzheimer's disease (AD) is a significant neurodegenerative disease often seen in the aged population, and the typical symptoms include diffuse brain atrophy, cognitive impairment, deteriorating memory loss, and personality disorders (Querfurth and LaFerla, 2010). The disease is histopathologically characterized by neurofibrillary tangles of the Tau protein and senile plaques of amyloid beta peptides in certain brain regions, and in most serious cases leads to neuronal cell death (Blennow et al., 2010). Given the huge economic and public heath toll of AD, various potential therapeutic approaches have been attempted. However, currently, there is no effective treatment available for AD. Therefore, the development of new and effective treatments is direly needed.

Many factors may contribute to the development of AD. Large-scale epidemiological studies have found that one of the strongest independent risk factors for AD is hyperhomocysteinemia (Ravaglia et al., 2005; Obeid and Herrmann, 2006). Homocysteine (Hcy) is a sulfur-containing amino acid, which is a crucial intermediate product of the remethionine cycle (Bi et al., 2014). Animal studies show that Hcy treatment results in AD pathogenesis in the hippocampus and other brain regions in rats (Flicker et al., 2004; Pacheco-Quinto et al., 2006), and Hcy treatment is increasingly used as a rodent model of AD.

*Trillium Tschonoskii* maxim (TTM) is the rhizome and root of *Liliaceae Trillium*, a traditional Chinese medicinal plant, which contains various steroidal saponins and alkaloids from Liliaceae, and can be found in most areas of central and western China (Li et al., 2005). In traditional folk medicine, TTM has been used for the treatment of dizziness, neurasthenia, hypertension, bleeding, traumatic injury, headache, and AD (Qiu et al., 2016; Wu et al., 2016; Yan et al., 2016). However, the clinical efficacy of TTM extract for these diseases has not been established by carefully controlled clinical studies, and the underlying mechanisms are largely unknown. This study attempted to evaluate the effects of TTM extract against the memory impairment induced by Hcy in a rodent model of AD.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

A total of 60 male wild-type Sprague-Dawley rats aged 3 months old and weighing 200--225 g were supplied by the Experimental Animal Central of Hubei Province, China (license No. 42000600003985). All rats were allowed free access to food and water. The experimental procedure followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1986). Rats were kept in cages under a 12-hour light/dark cycle with the light on from 7:00 a.m. to 7:00 p.m.

AD model establishment and TTM extract intervention {#sec2-2}
---------------------------------------------------

A total of 50 rats were randomly assigned into five different treatment groups (*n* = 10 per group). Rats were injected by vena caudalis with DL-Hcy (400 μg/kg; Sigma Chemical Co., St. Louis, MO, USA; four groups) to induce AD models or saline (control group) daily for 14 days.

TTM was purchased from Xinghe Pharmaceuticals (Bozhou, China). TTM extract was prepared in our laboratory. Briefly, 12.5 g TTM was boiled twice with water, 1 hour each, and the resultant solutions were combined, filtered with a 200-mesh sieve, and centrifuged at 3 000 r/min for 15 minutes. The supernatant was heat-concentrated to 100 mL at 100 °C, which led to the final drug solution of 0.125 g/mL. Rats were treated with the following, daily for 7 days: saline (control group, Hcy group), 0.125 g/kg TTM extract (Hcy + 0.125 g/kg TTM group), 0.25 g/kg TTM extract (Hcy + 0.25 g/kg TTM group), or folate (4 mg/kg; Yabang Aipusen Co., Yancheng, Jiangsu, China) plus vitamin B12 (VitB12; 250 μg/kg; Yunpeng Co., Linfen, Shanxi, China) (Hcy + FB + VitB12 group) by intragastric administration. The Hcy metabolism process requires VitB6, VitB12 and folate as a positive control group (Finkelstein, 1998).

A separate experiment that used three groups of rats consisted of control, 0.125 g/kg TTM, and 0.25 g/kg TTM. Rats received intragastrical administration of TTM solution 30 minutes before locomotion testing (*n* = 10 per group). The locomotion testing was conducted to examine the acute effects of gavage TTM extract administration on locomotor activity using the locomotion measurement apparatus as described below.

Behavioral experiments {#sec2-3}
----------------------

### Open field test {#sec3-1}

After gavage administration of saline or TTM extract for 7 days, locomotion was assessed using the open field test, as previously described (Zhu et al., 2014). Briefly, the locomotor activity of rats was measured using a commercially available apparatus (YLS-1B, Shandong Academy of Medical Sciences, China). This apparatus consists of a controller unit and four circular black acrylic locomotion units (30 cm in diameter and 30 cm in height). The photo beam sensor located in the center of the cover of the locomotion units records the spontaneous locomotor activity. Locomotor activity was measured during a 30-minute test period with each count indicating one beam break by the animal.

### Morris water maze test {#sec3-2}

The Morris water maze test is a behavioral experiment that assesses hippocampal-dependent learning and memory abilities. The standard Morris water maze procedure was used with minor modifications (Morris, 1984). Briefly, rats were trained to find a hidden platform in the water maze for 5 consecutive days, 4 trials per day with a 30-second interval. The rats were not allowed to search for the platform for more than 60 seconds, after which they were guided to the platform and remained there for 30 seconds. The swimming pathways and latencies of each rat to find the hidden platform were recorded by Noldus video tracking system (Ethovision, Noldus Information Technology, Holland) during each test. One day after the last TTM extract treatment, rats were placed in the water maze to find the hidden platform. One hour later, the platform was removed, and the rats were placed in the opposite quadrant for 1-minute test periods.

Western blot assay {#sec2-4}
------------------

After behavioral testing, rats were euthanized and their hippocampi were removed from the brain. Hippocampal tissue was homogenized in a buffer containing tris (hydroxymethyl) aminomethane (Tris; Sigma Chemical Co.)-HCl (pH 7.6) 10 mM, Na~3~VO~4~ 1 mM, NaF 50 mM, benzamidine 1 mM, edeticacid 1 mM, and phenylmethylsulfonyl fluoride (Sigma Chemical Co.) 1 mM. Three volumes of the homogenized tissue were added to one volume of an extracting buffer containing Tris-HCl (pH 7.6) 200 mM, 8% sodium dodecyl sulfate (Sigma Chemical Co.), and 40% glycerol, and extracts were boiled in a water bath for 10 minutes. The lysates were sonicated briefly and centrifuged at 12,000 × *g* for 5 minutes. Protein concentration of the supernatants was measured by the bicinchoninic acid Protein Assay Kit (Beijing Kangweishiji Biotech Ltd., Beijing, China). The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% gel and transferred to a nitrocellulose membrane (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). After blocking in 3% nonfat milk for 1 hour at 25°C, the membranes were incubated with primary antibodies at 4°C overnight. The blots were then incubated with anti-mouse or anti-rabbit IgG conjugated to IRDye^™^ (800CW) (1:5000; LI-COR Biosciences, Lincoln, NE, USA) for 1 hour at 25°C and visualized with the Odyssey Infrared Imaging System (LI-COR Biosciences). Primary antibodies used in western blotting studies included the following: mouse anti-rat Tau-5 (1:1000), mouse anti-rat phosphorylated PP2AC (P-PP2Ac) (1:300) and mouse anti-rat methylated-PP2Ac (M-PP2Ac) (1:300) monoclonal antibodies from Abcam (Cambridge, United Kingdom); mouse anti-rat β-actin monoclonal antibody (1:1000) from Proteintech (Chicago, IL, USA); mouse anti-rat AT8 monoclonal antibody (1:300) from Thermal Fisher Scientific (Waltham, MA, USA); rabbit anti-pT181 (1:300), pT205 (1:300), pT231 (1:1000), pS262 (1:300), pS356 (1:300), pS396 (1:1000), pS404 (1:1000) polyclonal antibodies from Signalway Antibody LLC (College Park, MD, USA); mouse anti-rat PP2Ac (1:300) and DM PP2Ac (1:300) monoclonal antibodies from Cell Signaling (Danvers, MA, USA); and mouse anti-rat methylesterase (PME) monoclonal antibody (1:300) from Millipore (Burlington, MA, USA). These molecules are all critical signaling molecules involved in Tau phosphorylation. Results were analyzed using Image-Pro Plus software (Media Cybernetics, Shanghai, China).

Immunohistochemistry {#sec2-5}
--------------------

For immunohistochemical studies, rats were sacrificed by overdose with chloral hydrate (1 g/kg) after behavioral testing and perfused through the aorta with 100 mL 0.9% NaCl followed by 400 mL phosphate buffer containing 4% paraformaldehyde. Brains were removed and postfixed in perfusate overnight and then cut into sections (20 µm) with a vibratome (S100, TPI; Leica, Nussloch, Germany). Fixed AD and the age-matched control group brain cubes containing the hippocampal formation were cut into sections (40 µm) with a freezing microtome (Kryostat 1720; Leitz, Wetzler, Germany) after anhydration in 25% sucrose. The sections of rat brain and AD hippocampi were collected consecutively in phosphate-buffered saline for immunohistochemical staining. Free floating sections were blocked with 0.3% H~2~O~2~ in absolute methanol for 30 minutes and nonspecific sites were blocked with bovine serum albumin for 30 minutes at room temperature. Sections were then incubated overnight at 4°C with the same primary antibodies. Immunoreaction was developed using Histostain^™^-SP kits (Thermal Fisher Scientific) and visualized with diaminobenizidine. For each primary antibody, three to five consecutive sections from each brain were used. The images were observed using a microscope (BX60; Olympus, Tokyo, Japan). The immunoreactivity of anti-pS404 (1:100; rabbit polyclonal antibodies; Signalway Antibody LLC) was probed using Rhodamine Red-X conjugated goat anti-rabbit IgG (1:100; Thermal Fisher Scientific). The images were observed using a laser scanning confocal microscope (FV500, Olympus). Semi-quantitative analysis was performed using Image-Pro Plus software.

Golgi staining {#sec2-6}
--------------

The rats were anesthetized with chloral hydrate and perfused with 400 mL normal saline containing 0.5% sodium nitrite, followed by 400 mL 4% paraformaldehyde solution. The brains were further perfused with 400 mL dying solution made of 5% chloral hydrate, 5% potassium dichromate, and 4% paraformaldehyde. The brains were then incubated in dying solution for 3 days in the dark and transferred to silver solution containing 1% silver nitrate (Shanghai Fine Chemicals Institute, Shanghai, China) for 3 days in the dark; 30-µm brain sections of hippocampal tissue were cut using a vibratome (Leica, Wetzlar, Germany). All the dendritic spines on the first and third branches of the apical dendrites of five pyramidal neurons in the hippocampus CA1 area were photographed with an oil-immersed objective. The total dendritic spines per branch were counted and the mean and standard deviation were found. Results were analyzed using Image J software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis {#sec2-7}
--------------------

Data are expressed as the mean ± SEM. All results were analyzed using GraphPad Prism 5.0 statistical software (GraphPad Software, La Jolla, CA, USA) by one-way analysis of variance or two-way analysis of variance (Morris water maze) followed by a least significant difference *Post hoc* test. A level of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

TTM extract ameliorated the development of spatial memory deficit in Hcy-induced AD rat model {#sec2-8}
---------------------------------------------------------------------------------------------

As shown in [**Figure 1**](#F1){ref-type="fig"}, intragastric administration with TTM extract (0.125, 0.25 g/kg) acutely reduced the general locomotor activity in a dose-dependent manner assessed by open field test. The dose of 0.25 g/kg significantly reduced the locomotor activity (*P* = 0.0045), suggesting that TTM may have a sedative effect at a large dose. These data provided evidence for the subsequent experiments on dose selection, such that no doses higher than 0.25 g/kg were used. During the five acquisition training sessions, rats reliably learned to locate the platform, however they performed differently on the latency to reach the platform ([**Figure 2A**](#F2){ref-type="fig"}). Hcy-treated rats had significantly increased escape latency, which was significantly prevented by chronic TTM extract treatment or a combined folate and VitB12 treatment. Significant main effects of drug treatment \[*F* (4, 172) = 39.17, *P* \< 0.001\] and sessions \[*F* (4, 172) = 7.62, *P* \< 0.001\] were identified according to two-way analysis of variance. *Post hoc* analysis found that escape latency significantly increased in the Hcy-treated rats during the third to fifth acquisition sessions (*P* \< 0.05). Importantly, 0.25 g/kg TTM extract treatment and the combined folate-VitB12 treatment significantly reversed the increased escape latency during the fourth and fifth acquisition sessions (*P* \< 0.05). The platform was removed 1 hour later and a probe trial was initiated. Rats that received Hcy treatment spent a significantly longer time to reach the platform area and showed a fewer number of crossings over the platform area compared with control rats (*P* \< 0.01 for latency and *P* \< 0.01 for number of crossing). TTM extract and folate-VitB12-treated rats were significantly faster to reach the platform position, and crossed more times over the platform, compared with Hcy-treated rats (*F* \[4,49\] = 4.38, *P* \< 0.01; *F* \[4, 49\] = 5.17, *P* \< 0.01, respectively) (**Figure** [**2B**](#F2){ref-type="fig"}, [**C**](#F2){ref-type="fig"}). Importantly, there was no significant difference in the swim speed among the groups ([**Figure 2D**](#F2){ref-type="fig"}).

![Effects of TTM extract on the spatial memory deficit assessed by open field test in Alzheimer's disease model rats.\
(A) The temporal changes of locomotor activity in rats with vehicle or TTM extract treatment; (B) the total locomotion measured during the test period. Data are expressed as the mean ± SEM (*n* = 5; one-way analysis of variance followed by a least significant difference *post hoc* test). \*\**P* \< 0.01, *vs*. control group. Control group: Intragastrical administration of saline; 0.125, 0.25 g/kg TTM group: intragastrical administration of 0.125, 0.25 g/kg TTM extract, respectively. TTM: *Trillium tschonoskii* maxim.](NRR-13-915-g002){#F1}

![Protective effects of TTM extract on spatial memory impairment induced by Hcy in Alzheimer's disease model rats.\
(A) Escape latency of Morris water maze task during training in rats treated with vehicle, TTM extract or the folate/VitB12 combination; (B--D) TTM extract or folate/VitB12 combination improved the Morris water maze performance. Data are expressed as the mean ± SEM (*n* = 5; two-way analysis of variance followed by the least significant difference *post hoc* test). \**P* \< 0.05, \*\**P* \< 0.01, *vs*. control group; \#*P* \< 0.05, *vs*. Hcy group. Control group: Injected by vena caudalis with saline, and intragastric administration with saline; Hcy group: injected by vena caudalis with DL-Hcy, and intragastric administration with saline; Hcy + 0.125, 0.25 g/kg TTM groups: injected by vena caudalis with DL-Hcy, and intragastric administration with 0.125, 0.25 g/kg TTM extract, respectively; Hcy + FB + VitB12 group: injected by vena caudalis with DL-Hcy, and intragastric administration with folate plus VitB12. TTM: *Trillium tschonoskii* maxim; Hcy: homocysteine; VitB12: vitamin B12; FB: folate.](NRR-13-915-g003){#F2}

TTM extract reduced Tau phosphorylation in Hcy-induced AD rat model {#sec2-9}
-------------------------------------------------------------------

A previous study has shown that high plasma Hcy induces Tau hyperphosphorylation that mimics AD (Zhang et al., 2008), and the aberrant hyperphosphorylation level of Tau causes dendritic loss and neurodegeneration (Wang et al., 2010). Therefore, we tested the effect of TTM extract on Tau phosphorylation in Hcy-treated rats. The levels of phosphorylated Tau at Ser202 (AT8), Thr181 (pT181), Ser262 (pS262), Thr205 (pT205), Ser356 (pS356), Thr231 (pT231), Ser396 (pS396), and Ser404 (pS404) were significantly increased in the hippocampal tissue of Hcy-treated rats (*P* \< 0.05; **Figure** [**3A**](#F3){ref-type="fig"}, [**B**](#F3){ref-type="fig"}). Similarly, the immunoreactive level of Tau1, an indicator of Tau (pT404) phosphorylation, in Hcy-treated rats was significantly stronger than that of control rats (*P* \< 0.01; (**Figure** [**3C**](#F3){ref-type="fig"}, [**D**](#F3){ref-type="fig"}). Treatment with two doses of TTM extract, or combined folate-VitB12, significantly attenuated the Hcy-induced Tau hyperphosphorylation ([**Figure 3**](#F3){ref-type="fig"}) with the exception of Thr205 (pT205) and Thr231 (pT231), for which only 0.125 g/kg dose of TTM extract achieved statistical significance. These data suggest that TTM extract attenuates Hcy-induced Tau hyperphosphorylation, which has similar efficacy as the combined treatment of folate and VitB12.

![Phosphorylation levels as measured by different epitopes of Tau in hippocampus of Alzheimer's disease model rats.\
(A) Western blot assay results; (B) quantitative analysis results. (C, D) Immunohistochemical staining of Tau-positive cells as detected by T404 (C) and the quantification (D). The expression of T404 was changed in each group of rats. (C) Arrows point to Tau-positive cells. Lines 2 and 3 are the enlargement of the box of line 1. Lines 4 and 5 are the enlargement of the box of lines 2 and 3. Data are expressed as the mean ± SEM (*n* = 5; one-way analysis of variance followed by the least significant difference *post hoc* test). \**P* \< 0.05, \*\**P* \< 0.01, *vs*. control group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. Hcy group. Control group: Injected by vena caudalis with saline, and intragastric administration with saline; Hcy group: injected by vena caudalis with DL-Hcy, and intragastric administration with saline; Hcy + 0.125, 0.25 g/kg TTM groups: injected by vena caudalis with DL-Hcy, and intragastric administration with 0.125, 0.25 g/kg TTM extract, respectively; Hcy + FB + VitB12 group: injected by vena caudalis with DL-Hcy, and intragastric administration with folate plus VitB12. TTM: *Trillium tschonoskii* maxim; Hcy: homocysteine; VitB12: vitamin B12; FB: folate.](NRR-13-915-g004){#F3}

Specific protein kinases and protein phosphatases participate in the regulation of Tau phosphorylation (Wang et al., 2010). Hcy can increase Tau phosphorylation through inactivating PP2A (Zhang et al., 2008; Chai et al., 2013). Consistent with the literature, we found that the phosphorylation of PP2Ac at Tyr307, which inhibits PP2Ac activity, increased in the hippocampus of Hcy-treated rats (**Figure** [**4A**](#F4){ref-type="fig"}, [**B**](#F4){ref-type="fig"}). It should be noted that the total PP2Ac was not altered among different treatment conditions. Treatment with TTM extract and the folate-VitB12 combination remarkably reduced the Hcy-induced PP2Ac phosphorylation in the hippocampus. In addition, because elevated plasma Hcy decreases methylated PP2Ac (activated form) and increases demethylated PP2Ac (inactivated form) (Zhang et al., 2008), which is crucial for modulating PP2Ac activity, we also examined the effects of TTM extract on methylated and demethylated PP2Ac. As expected, methylated PP2Ac significantly decreased, and demethylated PP2Ac significantly increased in Hcy-treated rats (*P* \< 0.01; **Figure** [**4A**](#F4){ref-type="fig"}, [**B**](#F4){ref-type="fig"}). Importantly, treatment of TTM extract and the combination of folate and VitB12 normalized the changes in methylated and demethylated PP2Ac levels in the hippocampus of Hcy-treated rats. A specific PME is responsible for the methylation of PP2AC (Lee et al., 1996), and Hcy treatment obviously increases the level of PME (Zhang et al., 2008). Therefore, we examined whether TTM extract could alter the expression of this enzyme. Consistent with the literature, Hcy-treated rats showed a noticeably increased level of PME (**Figure** [**4C**](#F4){ref-type="fig"}, [**D**](#F4){ref-type="fig"}). TTM extract treatment reduced the increased level of PME in Hcy-treated rats (**Figure** [**4C**](#F4){ref-type="fig"}, [**D**](#F4){ref-type="fig"}). The combined use of folate and VitB12 also normalized the Hcy-induced increase of PME activity (**Figure** [**4C**](#F4){ref-type="fig"}, [**D**](#F4){ref-type="fig"}).

![Effect of TTM extract on the activity of PP2A in the hippocampus of Alzheimer's disease model rats.\
Quantification of western blot assay results: The levels of Leu309-M-PP2Ac, DM-PP2Ac and Tyr307-P-PP2AC (A, B), and PP2AC-specific methylesterase (C, D). Data are expressed as the mean ± SEM (*n* = 5; one-way analysis of variance followed by a least significant difference *post hoc* test). \**P* \< 0.05, \*\**P* \< 0.01, *vs*. control group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. Hcy group. Control group: Injected by vena caudalis with saline, and intragastric administration with saline; Hcy group: injected by vena caudalis with DL-Hcy, and intragastric administration with saline; Hcy + 0.125, 0.25 g/kg TTM groups: injected by vena caudalis with DL-Hcy, and intragastric administration with 0.125, 0.25 g/kg TTM extract, respectively; Hcy + FB + VitB12 group: injected by vena caudalis with DL-Hcy, and intragastric administration with folate plus VitB12. TTM: *Trillium tschonoskii* maxim; Hcy: homocysteine; VitB12: vitamin B12; M-PP2Ac: methylated PP2Ac; DM-PP2Ac: demethylated PP2Ac; P-PP2Ac: phosphorylated PP2AC; FB: folate.](NRR-13-915-g005){#F4}

TTM extract increased the number of dendritic spines in hippocampal CA1 area of Hcy-treated rats {#sec2-10}
------------------------------------------------------------------------------------------------

It is believed that dendritic spines, particularly those located on pyramidal cells, are essential postsynaptic elements for cortical excitatory synapses and are critical structural elements underlying learning, memory, and cognition (Roberts et al., 2010). Importantly, long-term memory is partially mediated by the emergence of new dendritic spines to enhance a particular neural pathway (Hofer et al., 2009). To determine whether Hcy treatment affects neural morphological structures and to investigate the underlying mechanisms of the role of TTM extract in memory retention, we performed Golgi staining to detect the morphological changes of dendrites and the density of spines in pyramidal neurons of rat hippocampus. Hcy reduced the total number of dendritic spines in hippocampal neurons (*P* \< 0.01). Treatment with TTM extract preserved the dendritic morphologies and the spine density, for example, thin dendritic spines (*P* \< 0.05). The same effect was also achieved by supplementing rats with folate-VitB12 combination (*P* \< 0.01; [**Figure 5**](#F5){ref-type="fig"}).

![Representative dendritic spine in hippocampal CA1 of the rat brain.\
(A) Thin dendritic (blue arrow heads) and stubby and mushroom (red arrow heads) shaped spines of dendritic segments of neurons (original magnification, 1000×). Scale bars: 10 µm. (B) Numbers of thin dendritic and stubby and mushroom shaped spines changed in each group of rats. Data are expressed as the mean ± SEM (*n* = 5; one-way analysis of variance followed by a least significant difference *post hoc* test). \*\**P* \< 0.01, *vs*. control group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. Hcy group. Control group: Injected by vena caudalis with saline, and intragastric administration with saline; Hcy group: injected by vena caudalis with DL-Hcy, and intragastric administration with saline; Hcy + 0.125, 0.25 g/kg TTM groups: injected by vena caudalis with DL-Hcy, and intragastric administration with 0.125, 0.25 g/kg TTM extract, respectively; Hcy + FB + VitB12 group: injected by vena caudalis with DL-Hcy, and intragastric administration with folate plus VitB12. TTM: *Trillium tschonoskii* maxim; Hcy: homocysteine; VitB12: vitamin B12; FB: folate.](NRR-13-915-g006){#F5}

Discussion {#sec1-4}
==========

The primary findings of the present study were that TTM extract prevented Hcy-induced spatial memory impairment and memory retention, with a similar efficacy to the combination of folate and VitB12. In the study exploring the underlying mechanisms, it was found that Hcy led to increased Tau phosphorylation, inactivated protein phosphatase PP2Ac activity, and reduced the number of dendritic spines in hippocampal neurons. Importantly, TTM extract prevented all of the biochemical changes induced by Hcy regarding Tau pathophysiology and neuronal morphology. Combined, these results suggest that the traditional Chinese medicine TTM extract may be able to prevent Hcy-related memory impairment, possibly through its protective effects on neurons against Hcy-induced aberrant Tau phosphorylation and dendritic spine functions.

TTM is a medicinal plant that has been used to treat various neuropsychiatric disorders for many years in China. Recent progress on understanding the pharmacological effects and related mechanisms has just begun to emerge. For example, TTM extract has been shown to attenuate the enhancement of superoxide dismutase and glutathione peroxidase activity, and the decrease of malondialdehyde in the hippocampus of a rat model of AD induced by okadaic acid (Huang et al., 2008). These results demonstrate strong antioxidant activity of TTM extract. In addition, furotrilliumoside extracted from TTM extract can inhibit lipopolysaccharide-induced inflammation by upregulating phosphorylated phosphoinositide-3-kinase and Akt, inhibiting nuclear factor-κB translocation *via* the prevention of inhibitory IκBα phosphorylation and degradation, and suppressing the signaling pathway of mitogen-activated protein kinase (Yan et al., 2016). However, the understanding of the mechanisms underlying the potential therapeutic efficacy of TTM extract in AD remains very limited. To further verify its therapeutic effects and understand the potential neurobiological mechanisms, we established a rat AD model *via* Hcy treatment and examined the protective effect of TTM extract and the underlying mechanisms.

Consistent with the literature, Hcy treatment led to obvious memory impairment and impaired memory retention in the Morris water maze assay at doses that did not remarkably alter the spontaneous activity. Importantly, the high dose that did dramatically reduce locomotion (0.25 mg/kg) did not produce sustained suppression, as the locomotor activity of the rats was maintained at control level on the next day (data not shown). The finding that TTM extract markedly restored the performance of rats in this assay confirmed the potential therapeutic efficacy of TTM extract in this AD model, suggesting that TTM extract may be effective in treating certain forms of AD. In an effort to understand the underlying mechanisms of TTM extract, we examined one of the key neuronal mechanisms that contribute to the development of AD, Tau hyperphosphorylation.

Under normal conditions, the balance of Tau phosphorylation *in vivo* is a fine-tuned process by two different mechanisms: kinases, including glycogen synthase kinase-3β and cyclin-dependent kinase-5, can phosphorylate Tau, whereas phosphatases, such as PP2A, can dephosphorylate Tau. In AD, the balance is perturbed, and Tau is hyperphosphorylated and aggregates to form neurofibrillary tangles (Goedert, 1993). It has been shown that Hcy treatment primarily affects the activity of phosphatases (*e.g*., PP2Ac inactivation), whereas the activity of kinases, such as glycogen synthase kinase-3β, is unchanged (Zhang et al., 2008). Consistent with the literature, this study showed that Tau phosphorylation was increased together with an increase of the inactivated form of PP2Ac due to increased phosphorylation at the Tyr-307 site. Importantly, TTM extract treatment markedly reduced the level of Tau phosphorylation and reduced the inactivated form of PP2Ac, suggesting that regulating Tau phosphorylation might be the mechanism that contributed to the improved memory retention in Hcy-treated rats.

Hyperhomocysteinemia and low folate/VitB12 status have been long known to independently elevate homocysteine levels, which impairs the methylation potential in the brain (Selhub et al., 2010; Bottiglieri, 2013). The catalytic activity of PP2Ac is actively modulated by its methylation: methylated active form and demethylated inactive form. During this process, the PP2A-specific methylesterase PME-1 binds to PP2A, subsequently removing the methyl group and inactivating PP2A (Sontag and Sontag, 2014). Hcy-treated rats show increased PME-1 levels, decreased methylated PP2Ac and increased demethylated PP2Ac (Zhang et al., 2008), which was also demonstrated in the present study. Remarkably, TTM extract treatment markedly reversed the changes of PP2A activity induced by Hcy. The efficacy of TTM extract was equivalent to the supplemental treatment of folate/VitB12.

Finally, dendritic spines play a critical role in the process of learning, memory, and cognition (Roberts et al., 2010). In Hcy-treated animals, Hcy decreases the average dendritic length and reduces the number of dendritic branches in cortical neurons (Xia et al., 2014). Hcy also decreases the spine density in the dendritic branches of hippocampal CA1 pyramidal neurons (Xia et al., 2014). Here, we found that Hcy-treated rats had a markedly reduced number of dendritic spines in the hippocampus, which is consistent with a previous study (Xia et al., 2014). Importantly, TTM extract dramatically reversed the reduction to a level that was similar to the effect of folate/VitB12 treatment. This result suggests that TTM extract normalizes the altered dendritic morphology in Hcy-treated rats.

In conclusion, the traditional Chinese medicine TTM extract improved memory deficits in rats treated with Hcy, and the effect was at least partially mediated through the normalization of the Hcy-induced increase of Tau phosphorylation and spine morphological changes. These results suggest that TTM extract may have some value against certain forms of AD and deserves further investigation. These results also pave the way for refining the primary biologically active ingredients in TTM for further studies, which may lead to effective treatments against AD.
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